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ABSTRACT: Curcumin (Cur) has anticancer properties but exhibits
poor aqueous solubility, permeability, and photostability. In this study,
we aimed to develop a solid lipid nanoparticle (SLN) system to enhance
Cur bioavailability. The characteristics of Cur-loaded SLNs prepared by
sonication were evaluated using UV−vis and Fourier transform infrared
spectroscopy. The mean particle size of the stearic acid-based, lauric
acid-based, and palmitic acid-based SLNs was 14.70−149.30, 502.83,
and 469.53 nm, respectively. The chemical interactions between Cur
and lipids involved hydrogen bonding and van der Waals forces. The
formulations with high van der Waals forces might produce a neat
arrangement between Cur and lipids, leading to a decrease in particle
size. The Cur formulations showed enhanced cytotoxicity in HeLa,
A549, and CT-26 cells compared with pure Cur. Additionally, the
anticancer effect is dependent on particle size and the type of cell line.
Therefore, Cur-loaded SLNs have the potential for use in anticancer therapy.

■ INTRODUCTION
Curcumin (Cur) is an active pharmaceutical ingredient with a
wide range of pharmacological effects, including antibacterial,
anti-inflammatory (especially beneficial effects on several
ocular diseases), antioxidant, and antitumor properties.1−7

The chemical structure of Cur is diferuloylmethane, which
belongs to the polyphenol class.8−10 The molecular weight of
Cur is 368.389 g/mol, and its chemical name is (1E,6E)-1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione
with the chemical formula C21H20O6.

1,4 Cur has been approved
as a safe compound by the World Health Organization and US
Food and Drug Administration (FDA).2

Despite its promising pharmacological effects and safety, the
clinical usefulness of Cur in cancer treatment is limited. Cur, a
class IV drug of the biopharmaceutical classification system
(BCS), is poorly water-soluble, exhibiting a logP value of 3.2,
and is incompletely absorbed.11 According to absorption and
distribution studies, Cur is absorbed approximately 60% in the
gastrointestinal tract and undergoes extensive hepatic first-pass
metabolism, which leads to poor bioavailability.3,12,13 Fur-
thermore, the storage of Cur should be carefully monitored for
its photodegradable property.1 Therefore, it would be
advantageous to enhance the aqueous solubility and photo-
stability of Cur to develop more efficient dosage forms.

Various approaches have been reported to overcome these
limitations, including structural modification by conjugating
water-soluble polymers14,15 as well as usage of nanoscale drug
delivery systems (liposomes,16 liquid crystals,17 nano-emul-
sions,18 and phospholipid complexes19). Specifically, the

conventional pharmaceutical strategies in cancer therapy entail
a passive targeting based on the enhanced permeation and
retention (EPR) effect.20,21 The formulations loaded with an
anticancer drug can increase the drug permeability of blood
capillary in targeted tissues compared to when the fluid returns
to lymphatic circulation where the particle size is up to 400
nm.22−24 Hence, alternative drug delivery systems are
necessary for cancer therapy.

Solid lipid nanoparticle (SLN) systems appear to be an
efficient approach for increasing the aqueous solubility and
stability of drugs and decreasing the particle size to the
nanoscale level.8,25−28 In SLN systems, a lipophilic drug is
stably dispersed in the water solvent by loading a lipid matrix
of SLN via preparing an oil-in-water (O/W) phase.10,29,30 The
solid structure of the SLN system protects an unstable drug
from environmental factors such as light, pH, and atmospheric
moisture.31−34 In particular, SLN can be delivered into the
lymphatic system upon oral administration by bypassing the
liver via forming chylomicrons in enterocytes.35,36 Thus, drugs
embedded in SLNs effectively avoid hepatic first-pass
metabolism, enhancing the pharmacological effects of the
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drug.9,11,35,36 Moreover, this formulation can be used as a
brain-targeted drug delivery system when absorbed into the
systemic circulation, overcoming one of the most important
challenges in pharmaceutical sciences.37,38 Although the
blood−brain barrier, a highly selective semipermeable border,
protects the brain parenchyma against circulating toxins or
pathogens, it allows the diffusion of hydrophobic molecules.39

In the present study, Cur-loaded SLNs were prepared for
anticancer treatment using the EPR effect strategy. The
characteristics of Cur and Cur-loaded SLNs were evaluated
using UV−vis spectroscopy and Fourier transform infrared
(FTIR) spectroscopy, along with the evaluation of particle
characteristics. The in vitro cytotoxic effects of Cur and Cur-
loaded SLNs were investigated in three tumor cell lines: HeLa
from human cervical cancer, A549 from human lung
carcinoma, and CT-26 from mouse colon carcinoma. Addi-
tionally, the anticancer effects of Cur on these cell lines were
compared and the different mechanisms of Cur were discussed.

■ RESULTS AND DISCUSSION
Development of an Analytical Method for Cur.

Absorption spectra and specificity studies for Cur were carried
out to identify the maximum absorption wavelength and to
demonstrate the specific absorption spectra. UV−vis spectra
showed that the maximum absorption wavelength was 425 nm
(Figure 1). The specificity results demonstrated that the
placebo SLN (without PS) did not interfere with the analyte.
Thus, Cur was analyzed at 425 nm.

Five standard stock solutions of Cur at concentrations
ranging from 1 to 20 ppm were used to produce a calibration
curve. The correlation coefficient of the calibration curve
obtained via linear regression analysis was 0.9998 (Figure S1).

A precision study was conducted to represent the closeness
of agreement among measurements from different standard
stock solutions with the same concentration. Precision is
expressed as the relative standard deviation (RSD) of
repeatability. The Cur recovery values were calculated as the
RSD% of the absorption unit. The precision results
demonstrated that the RSD% value of the Cur recovery was
0.75% (Table S1). This result demonstrates the high precision
of the proposed analytical method.

The developed analysis method was tested for its accuracy.
Accuracy is defined as the closeness of agreement between the

test results and a conventional true or accepted reference value.
The accuracy was expressed as the RSD calculated from the
Cur recovery. The accuracy results for different concentrations
of the standard stock solutions demonstrated that the RSD (%)
values of the recovery were 0.26, 0.90, and 0.12% (Table S2),
indicating that the developed analytical method has high
accuracy.
Preparation and Characterization of Cur-Loaded

SLNs. Preparation Method. Cur-loaded SLNs were prepared
by mixing Cur and various lipids (LA, PA, or SA) and
surfactants (PX 188, PX 407, TW 20, or TW 80) via sonication
using a modified O/W emulsion method, resulting in various
formulations (F1−F11). We also changed amount of lipids and
surfactants. The various compositions of Cur-loaded SLNs are
summarized in Table 1.

Nanoparticle Size, Polydispersity Index (PDI), and Zeta
Potential. Particle characterization studies were conducted to
evaluate the effects of various ingredients on the fabrication
and concentration of the ingredients. Particle size and PDI
parameters are important in cancer therapy because of the
passive targeting strategy based on the EPR effect.20,21 Zeta
potential represents the electrical potential on the particle

Figure 1. UV−vis spectra for specificity of Cur, placebo, and Cur-loaded SLN F3 (MeOH, 25 °C).

Table 1. Composition of Cur-Loaded SLNsa

drug
(mg) lipid (mg) surfactant (mg)

formulation Cur LA PA SA
PX
188

PX
407

TW
20

TW
80

F1 100 100 200
F2 100 100 200
F3 100 100 200
F4 100 100 200
F5 100 100 200
F6 100 100 200
F7 100 100 400
F8 100 300 200
F9 100 300 400
F10 100 500 200
F11 100 500 400

aCur, curcumin; LA, lauric acid; PA, palmitic acid; SA, stearic acid;
PX 188, Poloxamer 188; PX 407, Poloxamer 407; TW 20, Tween 20;
TW 80, Tween 80.
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surface, which is an important factor in particle stability.26,29

Particles with a high zeta potential repel each other, preventing
the aggregation of nanoparticles.30−32 Thus, the storage
stability of the particles is higher. In contrast, particles with a
low zeta potential facilitate the release of encapsulated drugs.
Particle size, PDI, and zeta potential of all the formulations
ranged from 14.70 to 502.83 nm, 0.14 to 0.45, and −5.06 to
−31.40 mV, respectively (Figure 2). Figure 2 shows the
particle size, PDI, and zeta potential of the F1−F3
formulations using different lipids. The formulation using a
longer carbon chain lipid resulted in smaller and more stable
particles. This suggests that lipids with longer carbon chains
may increase surface hydrophobicity.27,28 Therefore, lipid
particles with high surface hydrophobicity have smaller particle
sizes in aqueous solutions.42 The formulations with smaller
particle sizes had a high negative charge on the particle surface
(Figure 2B). This is because particles with higher surface areas
expose the inherent negative charge on the surface.29,32 In
addition, nanoparticles with higher zeta potentials are stable
because of the repulsive force among the particles.31,32

Among the F3, F4, F5, and F6 formulations formed using
different surfactants, F3 had the smallest particle size and
highest zeta potential (Figure 2). The particle size and zeta
potential of F4 were the second smallest and highest,
respectively. This suggests that a surfactant with high
hydrophilicity stabilizes the interface between O and W.29

The hydrophilic−lipophilic balance (HLB) values of PX 188,
PX 407, TW 20, and TW 80 were 29, 22, 16.7, and 15,
respectively. Consequently, SA and PX 188 were selected as
the lipid and surfactant, respectively, to fabricate the SLN.

The effects of the lipid and surfactant concentrations on
particle characteristics were determined. An increase in the
concentrations of lipids and surfactants decreased the particle
size and increased the zeta potential (Figure 2). This suggests
that the effect of surfactant concentration on particle size was
attributed to the increased hydrophilicity of the formulations.28

The hydrophilic surfactant contributes to stabilize the interface
between O and W, as aforementioned. In this regard, the
increased hydrophilicity of the formulations induces that the O
phase molecularly dispersing the Cur effectively disperses into

Figure 2. Physicochemical characteristics of the (A) average particle size and PDI and (B) zeta potential for Cur-loaded SLNs prepared using
different materials. Results are expressed as the means ± standard deviations of three independent experiments (n = 3). PDI, polydispersity index.
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the W phase, which results in the reduced particle size. In
addition, the effect of lipid concentration on particle size could
be related to the interaction between lipids and Cur.
Determination of Drug-Encapsulation Efficiency (EE). EE

is an important parameter in particle formulations because it
affects drug stability against the external environment,2 avoids
side effects in the human body that result from exposure to the
drug,32,33 and enables the sustained release of Cur from the
formulations.28 The EE study for Cur-loaded SLN was carried
out using the centrifugation method, followed by concen-
tration estimation using the UV−vis method. The EE values
ranged from 97.24 to 97.74% (Figure 3). The EE of Cur in the
SLNs proportionally increased as the number of lipid carbon
chains increased. This was because the log p value of Cur was
3.2, and the lipophilicity of Cur might have a high affinity for
lipids with longer carbon chains.27,28 The higher affinity
between the drug and the lipid matrix induces stable

encapsulation of the drug in the particle core and shell.33

Thus, the highest amount of Cur was encapsulated in F3 using
SA compared with F1 using LA.

For formulations using different surfactants, the results
showed that an increase in the HLB value of the surfactant
increased EE. The HLB values for PX 188, PX 407, TW 20,
and TW 80 were 29, 22, 16.7, and 15, respectively. This
suggests that hydrophilic surfactants stabilize the interface
between O and W.28 In this sense, the more hydrophilic
surfactant can stably disperse the O phase, dissolving Cur in
the aqueous phase.

Regarding the effect of lipid and surfactant concentrations,
the results of EE demonstrated an increase in the amount of
lipid and surfactant. This suggests that the lipid and surfactant
were utilized as a drug-encapsulated matrix and interface
stabilizer to stably disperse the O phase in the aqueous phase,
respectively.26 An increase in the concentration of the

Figure 3. Entrapment efficiency of Cur-loaded SLNs prepared by using different compositions. Results are expressed as the means ± standard
deviations of three independent experiments (n = 3). Cur, curcumin.

Figure 4. Fourier transform infrared (FTIR) spectroscopy overlay spectra of solid lipid nanoparticles and the structure of Cur. Pure Cur; LA; PA;
SA; F1: SLN using LA; F2: SLN using PA; F3: SLN using SA. Cur, curcumin; LA, lauric acid; PA, palmitic acid; SA, stearic acid.
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ingredients leads to an enhancement of the aforementioned
effects. In addition to the effect of the increase in EE, the effect
of lipids was stronger than that of surfactants (Figure 3). This
might be because the drug loading efficiency was higher in the
particle core than that on the particle shell.
FTIR-ATR Spectroscopy. The chemical interactions between

Cur and the ingredients of SLN were determined, and the
different particle sizes for the formulations were discussed.
Figure 4 shows the FTIR spectra of Cur, LA, PA, SA, F1, F2,
and F3. The FTIR spectrum of pure Cur showed characteristic
peaks at 3014 (O−H stretching in phenol), 1628 (C�O
stretching), 1598 (C�C stretching), 1428 and 1508 (C�C�
C [aromatic ring]), and 1278 cm−1 (R−O−C stretching), as
summarized in Table S3. The FTIR spectra of pure lipids (LA,
PA, and SA) showed characteristic peaks at 2850 and 2918
(CH2−CH3 stretching), 1702 (C�O), and 1465 cm−1

(COOH stretching) (Table S4). The FTIR spectra of F1
and F2 demonstrated that in the Cur peaks, the C�C�C
stretching peaks shifted to 1406 cm−1, and the O−H, C�O,
C�C, and R−O−C stretching peaks were no longer detected,
while the CH2−CH3 stretching peaks shifted to 2900 and 2971
cm−1, and the C�O and COOH stretching peaks were absent.
This suggests that Cur forms a H-bond (hydrogen bond) with
lipids (LA and PA) between the carbonyl group (C�O) of
Cur and COOH of lipids, phenol (O−H) of Cur and C�O of
lipids, and ether (R−O−C) of Cur and COOH of lipids.1,4

Interactions involving van der Waals forces are also indicated.
The possible sites involving van der Waals forces in Cur are
C�C (alkene) and C�C�C (aromatic ring), and those in
lipids are CH2−CH3. The peaks of C�C�C of Cur and
CH2−CH3 of lipids were shifted in F1 and F2 with the
disappearance of C�C of Cur.

The FTIR spectrum of F3 also showed that in the Cur
peaks, the C�O stretching peaks shifted to 1636 cm−1 and the
O−H, C�C, C�C�C, and R−O−C stretching peaks were
absent, whereas, in the lipid (SA) peaks, they were no longer
detected. This suggests that Cur interacts with SA at each of
the two sites via both H-bonds and van der Waals forces. One
of the H-bonds is between the phenol (O−H) of Cur and C�
O of SA, and the other is between the ether (R−O−C) of Cur
and COOH of SA. Regarding van der Waals forces, one of the
interactions is between the C�C (alkene) of Cur and CH2,

CH3 of SA, and the other is between the C�C�C (aromatic
ring) of Cur and CH2, CH3 of SA.

The chemical structure of Cur is diferuloylmethane, which is
a diketone with an aromatic O (ortho)-methoxy-phenolic
group.1,4 The structures of LA and PA comprise carbon chains
(12 and 16 carbons, respectively) with carboxylic acids,
whereas that of SA comprises 18 carbon chains with carboxylic
acid.8−10 This suggests that a lipid with a long carbon chain
can bind to a large space of van der Waals forces with Cur,
which ranges from aromatic phenol rings to ketones. However,
lipids with low carbon chains are not enough to cover the
space of van der Waals forces in Cur, ranging from aromatic
phenol rings to ketones, which revealed the FTIR spectra of F1
and F2. This may explain the effects of the particle size and EE
of Cur-loaded SLNs. In F3 using SA, the small particle size and
high EE could be attributed to the neat arrangement of
chemical bonds between Cur and SA. In the case of F1 and F2
using LA and PA, the H-bond between the carbonyl group
(C�O) of Cur and COOH of lipids, which results from the
low carbon chain, disturbs the neat arrangement of the bonds
between Cur and lipids (LA and PA). This results in the
relatively large particle size and low EE of F1 and F2.

In Vitro Cur Release Studies. The in vitro release profiles
of the Cur-loaded SLN were determined using the dialysis
membrane method. The results demonstrated that Cur release
from Cur-loaded SLNs for 48 h ranged from 7.55 to 28.63%
and exhibited a sustained release (Figure 5). Cur-loaded SLNs
showed biphasic release profiles, except for F8, F9, F10, and
F11, which exhibited a relative burst for 12 h and sustained
until 48 h. The first release for 12 h, which was relatively a
burst, was attributed to Cur on the surface of the particles that
were released rapidly. After that relative burst release, sustained
release, which results from Cur in the particle core, was
observed until 48 h. The reason for this was the same as that
for EE in the EE study. Formulations with high EE can contain
a greater amount of drug encapsulated in the particle core than
those with low EE, which causes delayed drug release.28,33 In
this regard, a relative burst release for F8, F9, F10, and F11 was
not observed.

Regarding the effect of sustained release of used lipids, the
formulation using lipids with a longer carbon chain exhibited
delayed-release compared to that with a lower carbon chain

Figure 5. Cumulative percentage release profiles of Cur from SLNs in release medium, as determined using the dialysis bag method. Results are
expressed as the means ± standard errors of three independent experiments (n = 3).
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(Figure 5). This suggests that lipids with a long carbon chain
can encapsulate Cur in the particle core compared to the shell
owing to their lipophilic property.33 Hence, among F1−F3,
which used different lipids, F3 exhibited the lowest release rate.
Among F3−F6, which used different surfactants, F3 using PX
188 exhibited delayed release. This suggests that the surfactant
with high hydrophilicity effectively stabilized the interface
between O and W. Therefore, the formulation with the lowest
stability could easily release the drug from the formulation.
Photostability Studies. The photostability of Cur is

important for the storage of Cur-loaded SLNs before
administration. A moderate dosage should be maintained due
to the side effects of the degradation products and the decrease
in drug effects. Figure 6 shows the remaining Cur with and
without the SLNs. All formulations improved the photo-
stability of Cur (73.82 to 94.39% for 40 min) compared with
that of the pure Cur solution (58.26% for 40 min). The Cur
photostability of the formulations decreased in the following
order after 40 min: F11 > F10 > F9 > F8 > F7 > F4 > F5 > F6
> F3 > F2 > F1 > Cur. This is because SLN can structurally
protect encapsulated drugs from the external environ-
ment.32−34 Thus, the photodegradation of Cur was inhibited.
Concerning the effects of lipids and surfactants, formulations
using lipids with long carbon chains and surfactants with high
hydrophilicity tended to have high photostability. This
suggests that the encapsulated drug inhibits light exposure, as
mentioned above in the EE study.
In Vitro Cytotoxicity Using Various Tumor Cells. The

cytotoxic effects of Cur on three cancer cell lines (HeLa, A549,
and CT-26) were investigated using the WST assay, as shown
in Figure 7 (Tables S5−S7 in the Supporting Information). F1
and F3 were selected as test substances to evaluate the
anticancer effects of different lipids and particle sizes. F8 and
F10 were also used to determine the effects of the particle size
and EE. Each test substance was tested at various
concentrations (1, 2.5, 5, and 10 μM) to calculate inhibitory
concentration values (IC50). Compared to the pure Cur
solution, all formulations exhibited enhanced anticancer effects
on HeLa, A549, and CT-26 cells. When treated with 10 μM
Cur-loaded SLNs and pure Cur solution, HeLa cells exhibited
21.16−54.10 and 85.43% viability, A549 cells exhibited 23.93−

76.67 and 70.94% viability, and CT-26 cells exhibited 44.03−
67.32 and 111.19% viability, respectively. The anticancer effect
of Cur on A549 cells was the highest among the three cancer
cell lines, followed by that on HeLa cells. This suggests that
there are different anticancer mechanisms of Cur in HeLa,
A549, and CT-26 cells. In HeLa cells, Cur increases both the
caspase-3 expression and the activities of caspase-3 and
caspase-7, which are directly involved in apoptotic signal-
ing.43,44 In A549 cells, Cur induces the expression of apoptosis-
related proteins, such as caspase-3, caspase-7, and cytochrome
C; these increase with a decrease in cyclin-dependent kinase 1
expression, which is involved in cell growth during the G2/M
phase of the cell cycle.45,46 The anticancer effect of Cur on CT-
26 cells has been reported to decrease tumor volume by
inhibiting cell proliferation.47

The order of cytotoxicity of the formulations on all three cell
lines was as follows: pure Cur solution < F1 < F3 < F8 < F10.
The anticancer effect of F3 using SA was higher than that of F1
using LA. This suggests that the formulation using long-chain
lipids satisfies the EPR effect owing to its small particle size and
high EE, as mentioned above for the size and EE studies. The
cytotoxicity analysis of F3, F8, and F10 demonstrated that F10
exhibited the highest cytotoxic effect, and the IC50 values were
1.17 (Hela), 1.03 (A549), and 2.36 μM (CT-26), as
summarized in Table 2. The cytotoxicity of F8 was the second
highest, and the IC50 values were 1.54 (Hela), 1.15 (A549),
and 3.03 μM (CT-26), respectively.

Interestingly, the order of the anticancer effect of Cur-loaded
SLNs according to the cancer cell lines was as follows: A549 >
HeLa > CT-26. This result might be due to the sensitivity of
the particle size, such as the EPR effect and cellular uptake, to
target cancer cells.22,24,48 In the size effect studies of Cur
applied to A549 cells reported by Choi,49 Cur-loaded nano-
particles with sizes in the range of 20−80 nm increased the
drug concentration in the lung tissue. Additionally, Cur-loaded
nanoparticles with a size of 100−150 nm increased the drug
concentration in the lungs and cellular uptake.49,50 In HeLa
cells and colon carcinoma cells,43 nanoparticles with sizes of
100 and 130 nm, respectively, increased the cellular uptake
efficiency. Therefore, considering the effects of particle size
(EPR effect and cellular uptake) and anticancer mechanisms,

Figure 6. Photostability test using percentage of non-degraded Cur from Cur solution and Cur-loaded SLNs before and after irradiation with LED
of 2 J/cm2 for different time intervals of 0, 10, 20, 30, and 40 min. Results are expressed as means ± standard deviations of three independent
experiments (n = 3).
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A549 cells may be the most particle size-sensitive tumor cell
among the tested cell lines.

■ CONCLUSIONS
In the present study, we attempted to improve the
bioavailability and anticancer effects of Cur. SLNs were
prepared by the O/W emulsion method using a probe
sonicator. SLNs prepared with LA or PA were large with

sizes of 502.83 and 469.53 nm, respectively, whereas those
prepared with SA were small, ranging from 14.70 to 149.30
nm. The reason for this is explained by the FTIR results, which
confirmed that Cur interacted with lipids via both H-bonding
and van der Waals forces. The formulations using SA revealed
that an increase in the van der Waals interactions leads to a
neat arrangement of the chemical bonds between Cur and SA,
which results in relatively small particle size. In this regard,
SLNs using SA, which had a relatively high EE, showed
delayed drug release profiles with higher photostability than
those using LA or PA. Cytotoxicity studies using three cancer
cell lines (HeLa, A549, and CT-26) showed that all
formulations improved the anticancer effect against these cell
lines when compared with pure Cur. Additionally, the
cytotoxicity study revealed that the anticancer effect was
determined by the particle size and cell line type. Therefore,
these results suggest that Cur-loaded SLNs are a promising
formulation for anticancer therapy.

■ EXPERIMENTAL SECTION
Materials. Cur and phosphate-buffered saline (PBS) were

purchased from Sigma-Aldrich (St. Louis, MO, USA). Lauric
acid (LA), palmitic acid (PA), and stearic acid (SA) were
supplied by SAMCHUN (Pyeongtaek, Korea). Poloxamer 188
(PX 188) and poloxamer 407 (PX 407) were purchased from
BASF (Ludwigshafen, Germany). Tween 20 (TW 20) and
Tween 80 (TW 80) were purchased from Dae Jung Co., Ltd.
(Busan, Korea). Dulbecco’s modified Eagle medium (DMEM)
was supplied by WelGENE (Gyeongsan, South Korea).
Penicillin−streptomycin solution (100×) and fetal bovine
serum (FBS) were purchased from BioWest (Nuaille,́ France).
The cancer cell lines (HeLa, A549, and CT-26) were
purchased from the Korea Cell Line Bank (Seoul, Korea).
The Quanti-MAX WST-8 assay kit was purchased from
Biomax (Seoul, Korea). High-performance liquid chromatog-
raphy (HPLC) grade methanol (MeOH) was purchased from
Honeywell (Seelze, Germany). All compounds are >95% pure
by HPLC analysis.
Preparation of Cur-Loaded SLNs. Cur-loaded SLNs

were prepared via sonication using a modified O/W emulsion
method. Briefly, the O phase was prepared by dissolving Cur in
melted lipid (LA, PA, or SA) at 10 °C above the lipid melting
point. The molten O phase was poured into a hot aqueous
solution containing surfactants (PX 188, PX 407, TW 20, or
TW 80) and homogenized using a polytron homogenizer (PT
3100; Kinematica Instruments, Luzerne, Switzerland) at 1000
rpm, which resulted in an O/W emulsion. SLN were then
fabricated by ultrasonication using a probe sonicator (Scientz-
IID, Ningbo, China) at 300 W for 15 min with a 5 s pulse-on

Figure 7. Viability of three cancer cell lines ((A) HeLa, (B) A549,
and (C) CT-26) treated with Cur solution, F1, F3, F8, and F10. The
cell viability was measured using the WST assay. Results are expressed
as means ± standard deviations of three independent experiments (n
= 3).

Table 2. IC50 (μM) Values against HeLa, A549, or CT-26
Cells, Particle Size, and Entrapment Efficiency (EE) of Pure
Cur Solution, F1, F3, F8, and F10a

Hela
(μM)

A549
(μM)

CT-26
(μM)

particle size
(nm) EE (%)

Cur >10 >10 >10 N/A N/A
F1 >10 >10 >10 502.83 ± 3.76 97.24 ± 2.21
F3 5.84 >10 >10 103.90 ± 1.20 97.59 ± 1.97
F8 1.54 1.15 3.03 28.69 ± 0.50 97.65 ± 1.93
F10 1.17 1.03 2.36 23.53 ± 0.22 97.73 ± 1.82

aN/A, not applicable.
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period and a 5 s pulse-off period. The effects of different
compositions of Cur-loaded SLN were evaluated (Table 1).
Development of Analytical Method for Cur. The

concentration of Cur was determined using a UV−vis
spectrophotometer (S-3100; Scinco, Seoul, Korea) at ambient
temperature. The absorption spectrum of Cur in the
wavelength range of 300−800 nm was determined to evaluate
its maximum absorption wavelength. MeOH was used as the
solvent since the best characteristics of this method were
achieved with MeOH. A standard stock solution was prepared
by dissolving 2 mg of Cur in 20 mL of MeOH.

The standard stock solution was serially diluted with MeOH
to prepare five standard solutions at concentrations of 1−20
ppm. The prepared standard solutions were used to plot a
calibration curve (concentration vs absorbance unit) for Cur.

The precision of the analytical method for Cur was
determined by performing an assay with six replicate
determinations of sample preparation at test concentrations,
and the RSD of the assay results was calculated.

The accuracy of the analytical method for Cur was
determined by adding a known quantity of the standard to
the pre-analyzed sample. To calculate the recovery of Cur, 0,
25, and 100% levels of standard solutions were estimated using
the respective UV−vis absorption spectra.
Characterization of Cur-Loaded SLN. Determination of

Nanoparticle Size, PDI, and Zeta Potential. The particle size
PDI of the prepared SLNs was determined at 25 °C by
dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, Malvern, UK). The zeta
potential of the SLNs was measured based on the electro-
phoretic mobility of the particle surface. The samples were
diluted 10 times with distilled water (DW) before the
measurement. The instrument was equilibrated before each
measurement. Each measurement was performed in triplicates.
Determination of Drug-Encapsulation Efficiency (EE).

SLN specimens were diluted 10 times to a final volume of 1
mL and then gently vortexed. The suspension was then
centrifuged at 1300 rpm for 1 h at 4 °C. The concentration of
the free non-encapsulated drug in the supernatant was
analyzed using a UV−vis spectrophotometer, as described in
the Development of Analytical Method for Cur section. EE was
calculated using eq 1.

=EE (%)
total drug amount free nonencapsulated drug amount

total drug amount
100

(1)

FTIR Attenuated Total Reflection (ATR) Spectroscopy.
Direct information on the chemical interactions between Cur
and the ingredients of SLN was obtained using an FTIR-ATR
spectrometer (Spectrum Two FT-IR Spectrometer; Perki-
nElmer, Waltham, MA, USA) equipped with a ZnSe crystal.
The spectra across the wavenumber range of 4000−800 cm−1

were recorded.
In Vitro Cur-Release Studies. An in vitro Cur release

study was performed using the dialysis-bag method. Dialysis
bags with a molecular weight of 14 kDa (Spectrum
Laboratories, Inc., Compton, CA, USA) were soaked in DW
for 12 h prior to the experiment. A predetermined amount of
each specimen was soaked in dialysis bags, and both ends were
sealed using a string. Dialysis bags were immersed in 70 mL
vials containing 50 mL of receptor medium (PBS, pH 7.4).
The vials were then placed in a shaking incubator (JSSI-100 T;
JS Research Inc., Gongju, Korea) and shaken at 100 rpm and

37 ± 0.5 °C. At predetermined time intervals (1, 2, 4, 8, 12, 24,
and 48 h), aliquots of 1 mL were withdrawn from the vial,
filtered using 0.45 μm membrane filters (SFCA Syringe Filters;
Corning Inc., NY, USA), and analyzed immediately using a
UV−vis spectrophotometer as described in the Development
of Analytical Method for Cur section.
Photostability Studies. The photostability of Cur in

SLNs was determined according to the modified method
described by Lima et al. and compared with that of Cur in a
0.1% MeOH solution.40 The photostability of Cur was
monitored by recording its absorption spectrum at 425 nm.
Briefly, 20 mL of Cur- or Cur-loaded SLNs in a 0.1% MeOH
solution (4 ppm) was irradiated (2 J/cm2) with LED for
different time intervals (0, 10, 20, 30, and 40 min). Cur was
then extracted from the formulations by adding 1 mL of
hexane to dissolve the lipids, followed by vortexing. A 0.1%
MeOH layer containing the extracted Cur was filtered through
0.22 μm filters and analyzed using the UV−vis spectropho-
tometer as described in the Development of Analytical Method
for Cur section.
Determination of In Vitro Cytotoxicity. Cytotoxicity

Study Using Various Tumor Cells. The anticancer efficacy of
Cur was investigated based on its cytotoxic effects on three cell
lines (HeLa from human cervical carcinoma, A549 from
human lung carcinoma, and CT-26 from mouse colon
carcinoma). Each cell line was seeded into 48-well plates at a
density of 2 × 104 cells/well, and the number of cells was
calculated using the hemocytometer method. Prior to each
experiment, the cells were incubated for 24 h at 37 ± 0.5 °C in
a humidified atmosphere with 5% CO2. Various concentrations
(1, 2.5, 5, or 10 μM) of each sample were then added to each
well. After 24 h, the cells were rinsed with sterile PBS, and 200
μL/well of the growth medium was added. The treated cells
were incubated for 24 h at 37 ± 0.5 °C and 5% CO2 for the
WST reduction experiment, as described in the Viability of
Cancer Cells section.
Viability of Cancer Cells. Cytotoxicity was determined by

measuring the dehydrogenase activity of viable keratinocytes
24 h post-incubation. The dehydrogenase activity was
determined after the incorporation of WST, as described
previously.41 Each cell line was treated with 100 μL/well of a
10% WST solution for 1 h. The WST concentration was
measured by determining the optical density (OD) at 450 nm
using a microplate reader.

Each experiment was conducted in at least three wells of the
plate. After subtracting the blank OD from all raw data, the
mean OD values ± standard deviations (SDs) were calculated
using three measurements per test substance, and the
percentage of cell viability relative to that of the negative
control was calculated using eq 2. The viability of the negative
control was set to 100%.

= ×viability (%)
mean OD
mean OD

100treated

control (2)

Statistical Analysis. Three independent experiments were
performed for all analyses. The presented data (mean ± SDs)
were compared using one-way analysis of variance and
Student’s t-test. Statistical significance was set at P < 0.05.
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